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Abstract 
Industries have various kinds of voluntary approaches to mitigate climate change through international industrial associations.  
Sector based intensity target based on the bottom-up technological information is proposed as one of climate policies and it is 
compatible with industrial voluntary approaches in many cases.  Carbon dioxide capture and storage (CCS) technology is one of 
climate mitigation options in energy sector, especially in power generation.  Energy, macroeconomy and climate modules in 
integrated assessment model GRAPE (Global Relationship to Protect the Environment) was used for the analysis.  In relatively 
complex energy demand and supply representation in energy module, CO2 capture from power generation was assumed.  The 
author assumed that CO2 intensity target would converge among global regions in the three energy sectors (i.e. power generation, 
transport, and other sectors) and that almost zero CO2 emissions will be realized in the end of 21st century.  Sensitivity analysis 
was conducted by changing the CCS cost settings and degree of nuclear power capacity limit. CO2 capture power capacity role in 
the power generation portfolio and changes in generation cost is discussed. 
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1. Introduction 
Industries have various voluntary approaches to mitigate climate change through international industrial 
associations.  Sector based intensity target based on the bottom-up technological information is proposed as one of 
climate policies and it is compatible with industrial voluntary approaches in many cases.  Carbon dioxide capture 
and storage (CCS) technology is one of climate mitigation options in energy sector, especially in power generation. 
Kurosawa [1] has assessed future CCS role under CO2 concentration target or radiative forcing target, using an 
integrated assessment model.  Possibilities of EOR, saline aquifer, depleted gas well, enhanced coal bed methane 
(ECBM), and ocean storage options were evaluated. 
The purposes of the paper are to evaluate intensity target feasibility and to identify implications of CCS 
technology role in CO2 mitigation portfolio. 
2. Methodology 
An integrated assessment model GRAPE (Global Relationship to Protect the Environment) was used for the 
analysis [2]. The model consists of modules of energy, macroeconomy, climate, landuse and environmental impacts.  
Energy, macroeconomy and climate modules were used for the analysis.  Global disaggregation covers ten regions.  
They are North America (NAMR), Western Europe (WEUR), Japan (JAPN), Oceania (OCEA), China (CPAS), 
Southeastern Asia and other Asia (SEAS), Middle East and North Africa (MENA), Sub-Sahara Africa (SSAF), 
Latin America (LAMR), and Former Soviet Union and Eastern Europe (FSEE).   The base year and time horizon are 
2000 and 2100 respectively, and the model depends on economic utility maximization methodology considering 
global trade balance.  In relatively complex energy demand and supply representation in energy module, CO2 
capture from power generations such as coal integrated gasification combined cycle (IGCC), pulverized coal, natural 
gas, oil were assumed. 
In this assessment, CO2 intensity target converges among global regions in the three energy sectors (i.e. power 
generation, transport, and other sectors) and almost zero CO2 emissions will be realized in the end of 21st century.  
Sensitivity analysis was conducted by changing the CCS cost settings and degree of nuclear power capacity limit.  
3. Case settings 
Simulation scenarios included no climate policy scenario and five intensity target cases.  In the intensity target 
cases, sectoral CO2 emission intensity decreases linearly (i.e. approximately 1 % per year) to the future as upper 
limits of power and other sectors.  On the other hand, transport sector emission intensity falls down after 2030.  In 
general, the intensity is defined as the division of CO2 emission by activity index.  Power generation, transport 
energy consumption and GDP were selected as indexes.  CCS was assumed only in power sector.  I changed the 
CCS cost and nuclear power capacity upper limit to represent CCS cost and nuclear policy uncertainties.  These 
cases are called ‘INT’ cases in the paper.  These intensity setting is ad-hoc assumption and will be modified if 
additional information is available in future. 
Previous analyses focusing on CO2 concentration or radiative forcing stabilization had been based on relatively 
high CCS cost estimate from International Energy Agency (IEA) World Energy Outlook [3].  Their cost ranges were 
in the high ranges in the Intergovernmental Panel on Climate Change Special Report on Carbon Dioxide Capture 
and Storage (IPCC SRCCS) [4] and called subindex ‘HI’ in the analysis.  Cost parameter numbers were reduced 
25% (MD) and 50% (LO) compared to ‘HI’ assumptions to represent CCS cost uncertainties.  In addition, 
simulations were conducted assuming no nuclear power expansion after 2010 as for MD and LO cost settings, 
subindexed ‘NUC’. 
Simulation cases of ‘INT’ scenario are summarized as in the below.  Commercial CCS from electric power were 
assumed from 2020. 
x INT-LO  low CCS cost 
x INT-MD  medium CCS cost 
x INT-HI  high CCS cost 
x INT-LO-NUC  low CCS cost, no nuclear power expansion after 2010 
x INT-MD-NUC  medium CCS cost, no nuclear power expansion after 2010 
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3.1. CCS Cost Settings 
3.1.1. Power generation capacity cost 
Cost sensitivity range is defined by the existing literature such as IPCC SRCCS.   Left part of figure 1 shows 
fossil based CCS power generation capacity cost 
ranges of natural gas fired with CCS (NGCBN), coal 
fired with CCS (CLCBN) and coal IGCC with CCS 
(IGCBN) with cost subindexes.  ‘HI’ values are 
from the IEA [3].  In the assumptions, difference of 
capacity cost between that of with CCS and that of 
without CCS would be 25% or 50% lower in the 
MD and LO cases.  Right part of the figure shows 
the numbers of IPCC SRCCS.  Among the CO2 
captured CCS generations, the capacity cost is from 
650 to 850 $/kW for natural gas, from 1455 to 1650 
$/kW for coal IGCC, and from 1425 to 1800 $/kW 
for pulverized coal.  These cost range assumptions 
are in the similar ranges as written in IPCC SRCCS. 
Figure 1 Capture ready fossil power generation capacity cost 
 
Figure 2 shows geological CO2 storage cost at 
their initial potential.  Storage options are enhanced 
oil recovery (EOR), depleted gas wells (GWL), 
enhanced coal bed methane (ECBM) and saline 
aquifer (AQ).  ECBM cost estimate differs by region.  
For example, LO-L and LO-H denote regional cost 
differences in LO case.  Unit cost per CO2 stored is 
the increasing function of cumulative storage as for 
the EOR, ECBM, and AQ.  Saline aquifer has largest 
global storage potential and that initial cost range is 
from 5 to 10 $/tonC, while IPCC SRCCS range is 
from 1.8 to 29 $/tonC. 
 
 
Figure 2 Geological CO2 storage cost         
 
Figure 3 illustrates onshore CO2 pipeline 
transport cost.  Representative transportation 
distance assumption from 300 to 1000 km leads to 
cost difference among regions.  In the sensitivity 
analysis, they are from 14 to 33 $/tonC in LO, from 
21 to 49 $/tonC in MD, and from 28 to 65 $/tonC in 
HI, while IPCC SRCCS estimate is from 4 to 29 
$/tonC and transportation distance is about 250 km.  
These cost settings above provides good proxy of 
IPCC SRCCS cost uncertainty range. 
 
 
 
Figure 3 Onshore CO2 pipeline transportation cost       
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Figure 4 displays CO2 ocean storage cost 
including transportation and storage cost, which 
assumes from 0 to 1000 km of onshore 
transportation distance, liquefaction in the coastal 
area, and from 1000 to 2000 km ocean transport 
distance.  IPCC estimate in the figure assumes from 
100 to 500 km ocean transport and storage.  In the 
analysis, the cost range is from 46 to 81 $/tonC for 
LO, from 70 to 122 $/tonC for MD, from 93 to 163 
$/tonC for HI, while IPCC SRCCS range is from 37 
to 110 $/tonC. 
  
Figure 4 CO2 ocean storage cost (incl. transportation) 
4. Results 
4.1. Power generation carbon intensity 
Regional power generation carbon intensity in the 
INT-LO case is shown in Figure 5.  Intensity 
numbers in 2000 strongly depends on power 
generation portfolio in each region.  CPAS number 
is  0.26 kgC/kWh, the highest among regions, 
reflecting high coal share.  On the contrary, the 
numbers are about 0.10 kgC/kWh in WEUR, JAPN 
and LAMR in 2000.  Almos linear intensity 
reduction is observed depending on the constraints 
of regions. 
 
 
Figure 5 Carbon intensity of power generation (INT-LO case) 
4.2. CO2 emissions from power generation 
 Global CO2 emissions from power generation 
will increase in the short term because of demand 
growth will cancel out CO2 intensity decrease effects.  
In the INT-LO run, carbon emission from power 
generation in 2000 is 1.8 GtonC, and peaks in 2050 
at 2.9 GtonC, and decreases to 0.6 GtonC in 2100.  
Figure 6 shows regional relative CO2 emissions from 
electric generation of INT-LO.  All regions will peak 
out emissions before 2060.  By integrating power, 
transportation and other sector intensity targets, CO2 
emissions will drastically reduced in the end of this 
century.  CO2 concentration level in the atmosphere 
will be almost stabilized at 542 ppm. 
Figure 6 Relative CO2 emissions from electric generation (INT-LO) 
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4.3. CO2 Storage amount 
Figure 7 shows global CO2 storage amount.  Low 
cost CCS cost or nuclear power limit would enhance 
early adoption of CCS technologies.  In 2020, CCS 
incentive is energy benefit (i.e. EOR or ECBM) in 
the INT-HI, while saline aquifer storage is observed 
in other cases.  CO2 storage amount in 2020 is 0.35 
to 0.53 GtonC, the volumes doubles to 0.83 to 1.22 
GtonC in 2040. 
 
 
 
Figure 7 Global CO2 storage amount   
4.4. Power Generation Portfolio 
Figure 8 illustrates global power generation of 
INT-LO.  CO2 capture fossil power generation is 
introduced after 2020 and most of them are coal 
IGCC and natural gas generation.  In the long run 
pulverized coal generation will be replaced by 
capture ready IGCC.  Most natural gas generation in 
the latter half of 21st century would be equipped 
with CO2 capture. 
Nuclear (light water reactors (NUCL) or fast 
breeder reactors (FBR)) and renewable (solar 
photovoltaics (SOL PV), Wind (WIND), biomass 
(BIO) or hydoropower and geothermal (HYDGEO)) 
power generation are important options as well as 
fossil fuel CCS power. 
 
Figure 8 Global Power Generations (INT-LO) 
 
 
Figure 9 summarizes CO2 capture power 
generation output in Japan.  There are CO2 capture 
power capacity in INT-LO, INT-LO-NUC and INT-
MD-NUC in 2020 and their output is distributed 
between 3 and 94 TWh.  After 2030 INT-HI also has 
CO2 capture power its portfolio.  2040 CO2 capture 
power output reaches from 82 to 295 TWh. 
  
 
 
 
 
 
 
Figure 9 CO2 capture power generation output in Japan 
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4.5. Effects to power generation cost 
Figure 10 shows marginal cost of power generation 
in Japan.  The cost is about 6 cents/kWh in all INT 
cases and gradually increases afterwards.  Long-term 
dominant factor is the presence of nuclear constraints, 
because there is little difference in CCS penetration 
under severe CO2 reduction requirements which 
allows relatively high cost mitigation technologies.  
Same tendency is observed in other global regions. 
 
 
 
 
 
 
Figure 10 Marginal cost of power generation in Japan 
5. Discussions 
Current fossil power share differs according to regional fossil resources.  For example, 2005 coal generation 
share in IEA energy balances [5][6] is 40% for global average, and 53%, 79%, 69% and 85% in U.S., China, India 
and Australia.  High coal generation share countries should depend on coal as generation fuel over several decades 
under drastic CO2 mitigation requirements from climate policy.  Coal generation with capture ready or capture 
retrofit is crucial option because generation efficiency improvement has technological limits. 
International negotiations and discussions are underway to settle post-2012 climate policy.  Sectoral approach is 
one of the options to mitigate GHG emissions from specific sectors.  GHG mitigation based on best available 
technologies can accelerate early reduction of specific sector by technology transfer, without losing activity level. 
International cooperation to share CCS experience among global regions would be the important issues to mitigate 
CO2 emissions from power generations. 
6. Conclusions 
The conclusions are threefold; (1) Strengthening sector CO2 intensity to zero will lead to climate stabilization, (2) 
Short-term feasibility of CO2 capture power generation is dependent on CCS cost settings to a great extent, and (3) 
Power generation portfolio under CO2 intensity target will change depend on relative cost of each power generation 
and social barriers. 
Acknowledgements 
Part of the study was supported by Ministry of Economic Trade and Industry, Japan. 
References  
[1] A. Kurosawa, Carbon concentration target and technological choice, Energy Economics Vol. 26: pp 675-684 (2004). 
[2] A. Kurosawa, Multigas Mitigation: An Economic Analysis Using GRAPE Model, Energy Journal , special issue on Multi-Greenhouse Gas 
Mitigation and Climate Policy. pp 275-288 (2006). 
[3] World Energy Outlook, International Energy Agency, 2003 
[4] Special report on carbon dioxide capture and storage, Intergovernmental Panel on Climate Change, 2005. 
[5] Energy Balances of OECD Countries, International Energy Agency, 2007 
[6] Energy Balances of non-OECD Countries, International Energy Agency, 2007 
4180 A. Kurosawa / Energy Procedia 1 (2009) 4175–4180
